The activated sludge process within the pulp and paper industry is generally run to minimize the production of waste activated sludge (WAS), leading to high electricity costs from aeration and relatively large basin volumes. In this study, a pilot-scale activated sludge process was run to evaluate the concept of treating the wastewater at high rate with a low sludge age. Two 150 L containers were used, one for aeration and one for sedimentation and sludge return. The hydraulic retention time was decreased from 24 hours to 7 hours, and the sludge age was lowered from 12 days to 2-4 days. The methane potential of the WAS was evaluated using batch tests, as well as continuous anaerobic digestion (AD) in 4 L reactors in mesophilic and thermophilic conditions. Wastewater treatment capacity was increased almost four-fold at maintained degradation efficiency.
INTRODUCTION
Pulping and papermaking is a process that generates large amounts of wastewater and waste sludge (Monte et al. ) , putting a heavy demand on efficient and economic waste handling.
The most commonly used process for biological treatment of wastewater in the pulp and paper industry is the activated sludge process in various designs. According to BAT (best available technique) (Suhr et al. ) this technique is used at 60-75% of the mills, and it is the most applied technique for new mills. Briefly, dissolved and suspended organic matter is degraded in the presence of oxygen to produce biomass, CO 2 and water. The biomass/ sludge is then separated from the water in a clarifier (sedimentation basin), where part of the sludge is returned to the activated sludge process and the rest is removed as waste activated sludge (WAS) (Suhr et al. ) .
The main management practices for WAS in the pulp and paper industry are landfilling, energy recovery through combustion and to some degree land application (Monte et al. ) . However, landfilling has been increasingly restricted by legislation (Faubert et al. ) , and the combustion of WAS gives low or zero energy gains, after a costly dewatering procedure (Stoica et al. ; Larsson et al. ) . Therefore, the industry has turned towards using the activated sludge process to obtain a combination of high organic matter reduction with a low production of WAS (Mayhew & Stephenson ) . This can be achieved by having a low organic load combined with a long solids retention time (SRT) in the aerated basin (extended aeration). An alternative is to divide the activated sludge process into a two-step treatment called the low sludge production (LSP) approach. In the first step, fast degradation of organic matter by free-growing bacteria is promoted at short hydraulic retention times (HRTs) and no sludge return, and in the second step the bacteria are degraded by predators such as protozoa and rotifers at long HRTs (reviewed in Mahmood & Elliott (b) ).
However, minimizing sludge production by prolonging the food chain increases aeration demand, leading to increased energy costs. In a study conducted by Mahmood & Elliott (a) , a 36% reduction in sludge production gave a 25% increase in oxygen consumption when comparing conventional activated sludge treatment with the LSP approach. It has also been shown that the greatest potential for savings in wastewater treatment at pulp and paper mills lies in the aeration, and that from an economic point of view, aeration should be used for organic matter removal only and not for sludge reduction (Stoica et al. ) . In addition, the strategy of sludge minimization results in a highly inefficient process in terms of volume of treated wastewater in relation to the dimensions of the aerated basins, with the risk of making wastewater treatment a bottleneck for the pulp and paper production capacity.
A more energy-and resource-efficient treatment would be to allow for a relatively high production of WAS at an increased organic loading rate/decreased sludge age, and to further use the WAS as a substrate for anaerobic digestion (AD). In addition to increasing the wastewater treatment capacity at the mills, this would also lead to the production of methane, thus generating an internal energy carrier. As an example, the methane may be used for paper drying, which is the most energy-intensive process step in paper making (Fleiter et al. ) .
Activated sludge generally has a poor degradability, but it could be improved by lowering the sludge age, resulting in a higher methane production per tonne of organic matter (Karlsson et al. ; Ge et al. ) . Methane production can also be increased by co-digestion of the WAS with a more easily degradable substrate, such as primary sludge/fibre sludge from the primary sedimentation basin at the mills. Combining both these waste sludges in anaerobic co-digestion would lower sludge disposal costs for the industry (Ekstrand et al. ) . The application of thermophilic processes enhance AD of WAS through improved growth rates of bacteria and archaea, a higher reduction of organic matter and higher rate of biogas production (Table 2, De la Rubia et al. ), which is why this could be another option for increasing the degradability of the WAS at the pulp and paper mills.
From the above it can be concluded that the potential advantages of applying a process with high loading rates and low sludge age in relation to the conventionally applied methods are: (i) increased wastewater treatment capacity at the mills, (ii) a reduction in aeration requirements, (iii) improved degradability of the WAS for AD, and (iv) production of biomass suitable for AD to methane.
The aim of this study was to test the concept proposed above using a pilot-scale activated sludge process for the production of pulp and paper mill WAS suited to biogas production. The process was evaluated by its capacity to reduce the soluble organic matter at increased loading rates, as well as by the biomass production and the sedimentation properties of the sludge. The WAS was then used as a substrate for biogas production both in batch assays at 37 C and in continuous AD at 37 C and at 52 C, respectively.
MATERIALS AND METHODS

Pilot-scale activated sludge process
Two experiments (1 and 2) were run to test the effects of reduced sludge age and increased organic loading in an activated sludge process. The first experiment was conducted mainly to test the pilot system, while experiment 2 was the main study. Experiment 1 was performed at a mill producing neutral sulphite semi-chemical (NSSC) and kraft pulp (mill C; see Ekstrand et al. () for details) and experiment 2 at a mill making kraft pulp (mill E; Ekstrand et al. ) .
In general, the same experimental set-up was used for both experiments. The activated sludge process consisted of two 150 L plastic containers placed in series, one aerated and one for sludge sedimentation (Figure 1 ). The wastewater was pumped (520 U, Watson-Marlow) into the first basin, where it was treated in an activated sludge process. The water was aerated, keeping the oxygen level above 2 mg O 2 /L using a plate aerator (Sanitaire 2300B, Xylem). The treated water was then transferred to the sedimentation basin, where the sludge was allowed to settle. The sludge sediment was pumped back (520 U, Watson-Marlow) from the bottom of the sedimentation basin to the aeration tank (sludge return), at a volume ratio of incoming wastewater to sludge return of 1:1 (for process specifics related to each pilot experiment, see more detailed descriptions below). Excess sludge from the sedimentation was removed from the process as WAS. This was done to regulate the amount of sludge circulating in the system, and thereby control the level of suspended solids (SS) and the sludge age in the aerated basin. The treated, clarified wastewater was tapped from the upper part of the sedimentation basin. On day 92 of experiment 2, (day 92) a stirrer (∅ 180 mm) was installed in the sedimentation basin to prevent canal formation in the sludge. The sludge was mixed for 5 seconds every 2 min at 50 rpm.
Nitrogen and phosphorus were supplied to the aerated basin as shown in Figure 1 in order to avoid shortage of macronutrients. Stock solutions of Nutrinol (the same N-source that is used in full-scale plants) and phosphoric acid (75%) were pumped (LMI Dosapro CEA973-352NM, Milton Roy) into the reactor at fixed volumes. To obtain the desired supplementation of N and P the stocks were diluted with water.
Analytical protocols for the pilot reactor
Online measurements in the aerated basin included temperature (PT1000 sensor, Acandia mät-& styrteknik, Sweden, connected to a RTD Input module I-7033D, ICP DAS, Taiwan), pH (Contronic 90, Process-styrning AB, Sweden), oxygen levels (U2X DUO sensor connected to a BB2 unit, Cerlic Controls AB, Sweden) and concentration of SS (ITX sensor connected to a BB2 unit, Cerlic Controls AB, Sweden). In addition, total organic carbon (TOC; SS-EN 1484-1), total nitrogen (SS-EN 12260:2004 or kit LCK138 from Hach-Lange, Germany), NH 4 þ -N (kit LCK304 from Hach-Lange, Germany), total phosphorus (SS 02 81 02-1), ortho-phosphate (kit LCK349 from Hach-Lange, Germany), SS (SS-EN 872:2005), sludge volume index (SVI) and total and volatile solids (TS/VS) were analysed once or twice a week by the laboratory at the mill. SVI was determined by first measuring the sludge volume, which is the volume after the sludge has settled for 30 min in a 1 L cylinder, and then normalizing the volume to the amount of SS in the sludge. TS/VS was determined using Swedish standard 028113, with the modification of using 15-20 mL of WAS for the analysis. The chemical oxygen demand (COD Cr ) of the ingoing wastewater and the outgoing effluent (when stationed at mill E), was determined five and three times, respectively, to give an approximate ratio of COD to TOC. This ratio was used to estimate COD amounts, which are given within parentheses in the results section. Microorganisms of the activated sludge and the WAS (ciliates, rotifers, flagellates, filamentous bacteria and free bacteria) were counted once a week in a Bürker chamber under an Axioskop microscope (Carl Zeiss Microscopy, Switzerland).
Experiment 1
The first experiment was a functional test of the activated sludge pilot, using wastewater from a mill with kraft and NSSC pulp and paper production (mill C; see Table 1 for wastewater characteristics). The final composite stream after sedimentation was used in the pilot (in other words, the same water stream that is treated in the activated sludge process at the mill), and the pilot was inoculated with WAS from mill C. The WAS was diluted to 2,500 mg SS/L, then a volume of 150 L was added to the pilot. The loading rate of the full-scale plant was about 0.12 kg TOC per m 3 basin volume and day at an HRT of around 45 hours with a sludge age of 20-25 days. Initially, the pilot was operated to mimic the full-scale plant, but from day 29, the HRT was decreased from 45 hours to 21 hours, with a concomitant increase in organic loading rate (OLR) to about 0.27 kg TOC/m 3 (about 0.8 kg COD/m 3 ). From day 35 until the last day (day 54) the HRT was 25 hours, resulting in an OLR of 0.21 ± 0.01 kg TOC/m 3 (about 0.7 kg COD/m 3 ) and a sludge age of 9 ± 2 days. Sludge return and nutrient supplementation was increased proportionally to the increase in OLR. The removal of WAS was increased stepwise to compensate for the increase in sludge production.
Experiment 2
The pilot was initially run with settings close to those of the full-scale plant (days 1-36), in this case a kraft mill producing board (mill E). Due to sampling difficulties at the mill, the wastewater used for the pilot did not include the effluent from the moving bed biofilm reactor (MBBR), buffer basin (used for unexpected releases from the mill's production) or the sanitary water at the mill, all of which together normally represent 15% of the total TOC load to the aerated basin. The pilot was inoculated using WAS from mill E by first diluting it with process water to 1,500 mg SS/L then adding 150 L to the pilot. The full-scale treatment had an OLR of 0.11 kg TOC/m 3 ·day at a HRT of 24 hours, with a sludge age of 12 days. The same HRT was used for the pilot, giving a loading rate of 0.14 ± 0.1 kg TOC/m 3 ·day (about 0.4 kg COD/ m 3 ·day). From day 37 the HRT was lowered stepwise from 24 hours to 7 hours, increasing the OLR to 0.52 ± 0.7 kg TOC/m 3 ·day (about 1.5 kg COD/ m 3 ·day) on days 128-211. In the last week of the experiment the HRT was lowered to 6 hours, but all process evaluations will be in reference to the longer experimental period at the HRT of 7 hours.
Sludge return and nutrient additions were increased in proportion to the incoming wastewater flow as in experiment 1, and removal of WAS was increased stepwise. Because of day-to-day variations in removal of WAS, the sludge age and sludge production were estimated as moving averages over 7 days. On days 110-127 there was a planned maintenance stop at the mill, during which wastewater collected in advance was used in the pilot. During this time, the HRT was temporarily increased to 14 hours in order to lower the amount of wastewater needed.
AD of the waste activated sludge
Batch assays
The biomethane potential of the activated sludge from the full-scale and pilot-scale processes at mill E (experiment 2) was evaluated using batch incubations in triplicate, as described by Ekstrand et al. () , with the following modifications: a final liquid volume of 0.1 L was used in the bottles, 0.3 mL of 1 M Na 2 S was added to each incubation bottle, 50-80 mL of activated sludge was added together with 20 mL inoculum (digested sludge from a municipal wastewater treatment plant in Linköping, Sweden, and a mixture of sludges from laboratory-scale reactors treating marine waste, food waste and primary/secondary sludge from a pulp and paper mill) to give an OLR of 3.2-5.0 g VS/L. 0.25 g of cellulose was used as a positive control.
Sludge was sampled from the full-scale plant (mill E) both before starting up the pilot and on day 183 of the experiment, and from the pilot on days 106 and 183 of experiment 2. All sludge samples were thickened from 20 to 4 litres at the mill by letting it settle for 1-3 hours at 10-25 C and removing the top liquid layer. The remaining sludge was then brought to the laboratory where it was further thickened by 24 hours of sedimentation at room temperature, after which 60% of the liquid was removed. The thickened sludge was stored at 4 C for a maximum of 2 days before incubation. The TS and VS ranges of the substrate were 0.6-1.4% and 66-70%, respectively, and the corresponding values for the inoculum were 2.6-3.2% and 63.3-66.3%. The pH of the wastewater was adjusted to 7 at the mill prior to entering the activated sludge treatment.
N/A: not available.
Digestion in CSTR
A glass continuous stirred tank reactor (CSTR; R1) with a working volume of 4 L was operated for 228 days at 37 C, see Figure 1 . The inoculum was a mixture of cow manure and digested sludge from a municipal wastewater treatment plant in Linköping, Sweden. The substrates were WAS from the pilot at mill E (experiment 2) and fibre sludge from a kraft pulp and paper mill (Sweden) supplied at a ratio of 95% VS of activated sludge and 5% VS of fibre sludge.
Mixing was conducted eight times per day for 15 min at 350-500 rpm, using an internal impeller (∅ 70 mm, height 30 mm) driven by a MAC050-A1 servomotor (JVL, Denmark). Ca(OH) 2 was initially added to keep the pH above 7, and from day 82 both MgO and Ca(OH) 2 were added on a daily basis. The alkali was supplied at 0.25 g/L·day MgO and 0.5 g/L·day Ca(OH) 2 , which from day 110 was lowered to 0.0125 g/L·day MgO and 0.25 g/L·day Ca(OH) 2 .
Co was supplied on a daily basis from day 110 and Se from day 173 using stock solutions of CoCl2·6H 2 O and Na 2 SeO 3 ·5H 2 O. Hydrogen sulfide production was mitigated by the addition of 1 mL ferric chloride solution (Fe 13.7% and HCl 0.63% w/w) per litre of substrate. R1 was run at an HRT of 8 days, and to sustain an active biomass at this low HRT, a semi-continuous sludge return was performed. The daily outtake of 500 mL was collected in a 2 L glass container (37 C), and three times a week sludge was withdrawn from the container, dewatered by centrifugation (4 min, 4,700 RCF, Heraeus Megafuge 16, Thermo Scientific) and then returned to R1. Initially, all dewatered sludge was returned to R1 (220 ± 70 g three times a week, TS 8-10%), but due to mixing difficulties, the amount of sludge returned (130 ± 40 g) from day 157 was determined by the TS level in the digester, with a target value of 2%.
After running R1 for 133 days, a second reactor (R2) was started, running at 52 C and an HRT of 12 days. The inoculum was a mixture of digested sludge from a municipal wastewater treatment plant in Linköping, Sweden, and sludge from a thermophilic (52 C) co-digestion reactor treating algae and municipal wastewater treatment sludge; the mixing rate was 275-400 RPM. The digester TS in the thermophilic digester was increased once a week by centrifuging 680 mL of reactor sludge and return the pellet. The amount of sludge that was returned averaged 80 ± 10 g, at a TS of about 8% (determined once). The day before centrifugation the daily outflow of reactor sludge was abolished to compensate for the substantial sludge withdrawal. The OLR was lower in R2 compared to R1, but since the TS of R2 was lower, the OLR was in fact higher when considering g VS added per g VS of reactor.
On days 180-200, two pre-treatments of the WAS (enzymatic and pre-hydrolysis) were tested, but as the enzyme solution contained an unwanted high concentration of TOC leading to large disturbances in gas production, that period will not be evaluated further in this article.
The substrate
Batches of WAS were taken from the pilot-scale activated sludge plant about once a week. The sludge was thickened in the same way as for the batch tests described above. The sludge was then divided into daily feeding portions and stored at 4 C until used. After termination of the activated sludge pilot, the reactors were run for another 47 days on sludge generated during the last month of the pilot operation. On days 42-54 and 63-68, WAS from the full-scale process had to be used as substrate, since no sludge was withdrawn from the pilot during these periods.
Analytical protocols for R1 and R2
TS/VS was analysed in duplicate for all substrate batches, and twice a week for the reactor sludge of R1 and R2, according to the Swedish standard method (SS 028113), with the modification of using 15-20 mL of activated sludge or 10-15 mL of digested sludge for the analysis. The content of volatile fatty acids (VFAs) in the reactor sludge was analysed by gas chromatography with a flame ionization detector (GC-FID), according to Jonsson & Borén () . pH was determined twice a week using InoLab pH 730 (WTW, Germany), with the recorded value being what the AutoRead function registered twice in a row (i.e. stable pH reached). NH 4 þ -N was measured once every other week using kit analysis LCK302 from Hach Lange according to the manufacturer's instructions. The total gas production was monitored online (RTD Input module I-7033D, ICP-DAS, Taiwan) using Ritter gas meters (MGC-10 PMMA, Germany).
RESULTS AND DISCUSSION
Functional test of the pilot reactor (experiment 1)
The wastewater characteristics at mill C are given in Table 1 . By using the same HRT and OLR as in the full-scale plant, a TOC reduction of 60 ± 3% was obtained (days 22-28; Figure 2(a) ). This corresponded well to the full-scale operation, where the weekly average of the TOC reduction was 60-65%. The sludge age was 19 days, which was lower than the mill's target value of 25 days, but within normal variations. The low concentration of organic matter in the effluent (100 mg/L, days 22-28) indicated that the degradation efficiency in the aerated basin was sufficient, and that the sedimentation of the sludge in the sedimentation basin was satisfactory. After concluding that the pilot could be run with the same degradation efficiency as the full-scale plant, the HRT was lowered. As the sludge production (determined as kg SS per kg TOC degraded) started to increase, the removal of WAS from the system was increased, lowering the sludge age from 19 days to 9 days. The TOC degradation efficiency at the lower HRT stabilized at 66 ± 3% (days 30-54, Figure 2(a) ), indicating a well-functioning treatment process.
Long-term pilot reactor operation (experiment 2)
As in the functional test, the pilot was initially run using the same settings as for the full-scale treatment at mill E, with the wastewater characteristics summarized in Table 1 . The TOC reduction for the initial phase was 67 ± 8%, excluding the first week of operation (Figure 2(b) ), which corresponded to that of the full-scale operation at 66% (yearly average). The sludge age varied during the start-up, mainly as no WAS could be removed on days 22-29 due to a malfunctioning pump. The HRT was then lowered stepwise, resulting in an increased OLR. On days 128-211 the system was operated at a HRT of 7 hours (Figure 2(b) ), with a TOC load of 0.52 ± 0.07 kg/m 3 ·day, resulting in a TOC reduction of 67 ± 7% (values not including the first week at this HRT). Our results show that the OLR (and thereby the amount of processed wastewater) could be increased by a factor close to four, while still maintaining the same TOC degradation efficiency over the aerated basin. The degradation efficiency is a crucial parameter for the mills as they need to stay within maximum limits of their emission requirements to be allowed to continue producing pulp and paper. In addition, reduction of phosphorus and nitrogen remained effective at the HRT of 7 days (data not shown).
The sludge production (kg SS per kg TOC degraded) varied substantially during the experiment but towards the end of the period of 7 hours' HRT, the sludge production was 0.9-1.5 kg SS/kg TOC degraded (days 190-211). The sludge age decreased as more WAS was removed from the process, and was 2-4 days during the final period of the experiment (days 185-211). As described in the Introduction, high sludge production is normally not desired, but in this scenario, the sludge is intended as a substrate for biogas production.
At the lower HRT, the sedimentation properties of the activated sludge changed, and there was an occurrence of sludge bulking around day 150. At the same time, the SVI, which is a measure of settleability of the activated sludge, increased. Microscopy of the sludge showed that this increase coincided with an increase in filamentous microorganisms (Figure 3) , which are known to cause sludge bulking in activated sludge (Eikelboom ). However, from day 169 to day 211 (end of the 7 hour HRT period) the level of SS in the aerated basin remained at 1,000-1,500 mg/L (data not shown) which indicates that the process functioned well without sludge escape despite the presence of filamentous bacteria in the sludge at this HRT. These results highlight the importance of monitoring settling properties and bacterial composition of the sludge when changing the HRT of the activated sludge process. Favourable operational conditions are likely to be site specific.
AD of waste activated sludge with low sludge age
Batch Methane potential batch tests were carried out using WAS produced at mill E in the full-scale and pilot-scale processes. The methane potential for the full-scale plant was 83 ± 3 and 90 ± 5 NmL CH 4 /g VS on the two sampling occasions, respectively (Figure 4) . The sludge age of the full-scale process was 12 and 11 days at the time of sampling. The pilot sludge was sampled at an HRT of 7 hours, but at different sludge ages (2 and 4 days). Our results show that the shorter sludge ages lead to higher methane potentials, in particular, the methane potential was higher at 2 days' sludge age, 170 ± 13 NmL CH 4 /g VS compared to 120 ± 3 NmL CH 4 /g VS at 4 days'. The degradation rate was faster at 2 days' sludge age, indicating a higher fraction of easily degradable organic matter compared to the 4-day aged sludge. This shows that a small change in sludge age can give drastic improvements of the methane potential of WAS within the range of 2-4 days. Similar results were observed by Ge et al. () , studying sludge ages of 2-4 days in a sequencing batch reactor on abattoir wastewater followed by AD of the WAS. They found a strong link between anaerobic degradability and sludge age, with the highest degradability at a sludge age of 2 days.
CSTR with sludge circulation
The degradability of the WAS from the pilot was further evaluated in two continuous laboratory-scale AD reactors, R1 and R2, where R2 was started 133 days after R1. To obtain a fixed HRT, the total OLR (activated sludge þ fibre sludge) varied, averaging 0.9 ± 0.3 g VS/L·day and 0.6 ± 0.2 g VS/L·day for R1 and R2, respectively. The variations in OLR were related to the levels of SS in the WAS samples. The biogas production in R1 was initially 40 ± 10 NmL/g VS at a sludge age average of 7 ± 4 days (days 1-68, Figure 5(a) ). Days 70-179, the WAS fed to R1 had an average sludge age of 3 ± 1 days (not including days 110-127, when WAS with higher sludge age had to be used). During this period, the biogas production increased to 90 ± 30 NmL/g VS·day (Figure 5(a) ). For the final period (days 200-227) a biogas yield of 90 ± 20 NmL/g VS·day was obtained from WAS with a sludge age of 1.8 ± 0.1 days. The large peaks in gas production were mainly caused by drastic changes in OLR (days 91 and 119). A malfunctioning gas meter gave the low value on day 95.
The thermophilic reactor (R2), that was started 133 days after R1, had a constantly higher biogas production than R1; 120 ± 20 NmL/g VS·day compared to 80 ± 30 NmL/g VS·day (days 133-179), and 140 ± 20 NmL/g VS·day compared to 90 ± 20 NmL/g VS·day (days 200-227), see Figure 5 (a). This shows that applying thermophilic AD on pulp and paper mill WAS is a promising alternative in order to enhance its degradability.
Due to the overall low biogas production it was not possible to collect enough gas to get reliable measurements of the gas composition, therefore the methane concentration from a previous experiment with continuous AD on WAS from a Swedish kraft pulp mill (60%; Karlsson et al. ) was used. This gave an estimated methane production of 60 ± 10 NmL CH 4 /g VS and 90 ± 10 NmL CH 4 /g VS for the mesophilic and thermophilic processes, respectively (days 200-227). No VFAs above 1 mM were detected in either R1 or R2, and pH of the reactor sludges were 7.1 ± 0.2 and 7.2 ± 0.2 for R1 and R2, respectively. The process in R1 had to be supported with daily additions of MgO and Ca(OH) 2 in order to keep the pH above 7. There was no need for pH adjustments in the thermophilic reactor, indicating a comparably higher buffer capacity. This is likely related to an increase in protein degradation with temperature, thus releasing more ammonium and thereby increasing the alkalinity (Moen et al. ) . This assumption is supported by R2 having a higher level of ammonium than R1 during the experiment (Figure 5(b) ).
In agreement with the batch assays, the highest gas production was observed at the lowest sludge ages, 2.1 days (days 139-145) and 1.8 days (days 200-227), see Figure  5 (a). Therefore, it is important to operate the activated sludge process at a low HRT to provide WAS of high degradability and thereby optimize the biogas production in AD.
Implications for the pulp and paper mill industry
Depending on the situation at each mill, the results obtained in this study offer a suite of different advantages. For example: if the mill is using the full capacity of its wastewater treatment plant, the ability to process up to four times as much wastewater means an important opportunity for expanding the pulp and paper production, while still utilizing the same facilities. Another option is that the mill may close off parts of the aerated basin to decrease the number of aerators in operation, and thereby greatly reduce the electricity demand for aeration of the activated sludge. Both cases are economically beneficial, as the industry could increase revenues from increased pulp and/or paper production or reduce waste handling costs.
By AD of the WAS, possibly together with other available substrates, the increased activated sludge production is part of a solution where valuable methane gas is produced. This could reduce the mill's dependency on fossil fuels, as well as providing an option for a greener production of paper. Another benefit of introducing AD is the release of nutrients such as ammonia and phosphate from the sludge. After digestion, these nutrients can be recovered by dewatering the sludge and returning the liquid phase to the aerated basin (Elliott & Mahmood ) . By choosing suitable substrates rich in nitrogen and phosphorus, such as slaughterhouse waste or waste from the fish industry, the mills could replace commercial nutrients normally needed. The solid fraction can be used as a soil improvement/fertilizer on arable land. The concept described above was implemented at the Skogn pulp and paper mill in Norway in spring 2018 under the project name 'Effisludge', supported by the EU LIFE Program.
In addition, there are indications that the dewaterability of pulp and paper mill WAS can be improved by AD (Karlsson et al. ) . However, this effect has been shown to be dependent on OLR and process performance (Puhakka et al. ) . With a better dewaterability, the need for expensive polymers and electricity for dewatering could be reduced, thus lowering sludge disposal costs.
CONCLUSIONS
Our proposed concept of high-rate treatment of pulp and paper mill wastewater in an activated sludge process combined with AD of the WAS was demonstrated successfully. More specifically, we showed the following.
Figure 5 | Continuous AD of WAS sampled from the pilot at mill E during mesophilic (R1) and thermophilic (R2) conditions, with (a) biogas production at different sludge ages of the WAS and (b) ammonium for R1 and R2. The sludge age is given as a moving average of 7 days. During days 42-54 and 63-68, WAS from the full-scale process was used as substrate. The shaded period (days 180-200) represents the period with disturbances in gas production caused by enzymatic pre-treatment, which was not included in the process evaluation.
• A decrease of HRT from 24 hours to 7 hours increased the OLR from 0.11 to 0.52 kg TOC/m 3 ·day at a maintained degradation efficiency of 67%. This means that the amount of processed wastewater at the mill could be increased almost four-fold, or that the energy requirement for aeration could be reduced correspondingly.
• The methane potential and degradation rate of the WAS were improved by a lower sludge age. The methane potential of the full-scale WAS was 80-90 NmL CH 4 /g VS at a sludge age of 12 days, but increased to 120 NmL CH 4 /g VS and 170 NmL CH 4 /g VS when lowering the sludge age to 4 and 2 days, respectively.
• The highest methane production in the continuous AD of WAS was achieved at thermophilic conditions and at the lowest sludge age (2 days).
